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ABSTRACT
\.

™M, this effort a technical database was developed for a Tactical
‘Shelter experiencing rail impact. A finite element model of the shelter
and internal equipment was made, a test was conducted in which accelera-
tions were measured on the shelter, the flatcar, and on the internal
.equipment during rail impact. The measured accelerations on the flatcar
were used to determine the spectra of the dynamic loads acting on the
shelter and the response of the shelter to forced acceleration impulses
N in the frequency range of the measured data was determined. We found that
the shelter's lowest structural vibration modes, as predicted by the finite
clement model, were in the range of the frequencies in the power spectral
density representation of the rail car response. The shelter responded
almost rigidly in cthe longitudinal direction but did vibrate in the verti-

. cal and transverse directions. Computed mode shapes, measured accelera-
}: tions, analysis of the data and the predicted response of the shelter to
_:.; impulse loadings are presented in the report. K‘a‘tfovdsz
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PREFACE

The new family of Army Tactical Shalters will be in general use in the
near future., The shelters are designed to be made in mass production yet
are also intended to ba adapted for a variety of missions. The effect of
modifications must be determined in the design stage to allow the modified
shelters to become available for field use without unjustifiad development
delays. The work reported here represents part of an effort directed
towards developing a technical data base on transportation loading
environments which the modified shelters must meet.

The authors wish to thank Leonard P. Cuzzupe for helping with the test
program and Claudia J. Quigley writing computer programs to process the
data.
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BACKGROUND AND INTRODUCTION

Army tactical shelters are used in a variety of mission types and must
be capable of being easily transported by both military and commercial
equipment. The Rail Impact Test is designed to subject a shelter and
internal payload to large accelerations which simulate the maximum dynamic
loading expected from rail shipment. The test can be briefly described as
follows [1]. The shelter is prepared for transportation and an internal
payload is added to bring the gross weight of the shelter to 15000 lbs.

The shelter is then placed on a 50 ton flatcar and secured with timbers and
cables as shown in Figure 1. Two stationary flatcars with their air and
handbrakes set are loaded with 50 and 16 tons of rigid payload
respectively. The flatcar with the shelter is then brought to a speed of
10 mph, released and allowed to couple with the two stationary cars.

The purpose of this effort is to develop a technical database for
Tactical Shelters expariencing rail impact. To do this we: (a) developed a
finite element model of a shelter and its internal equipment, (b) conducted
,a test in which accelerations were measured on the shelter, the flatcar and
'on the internal equipment during rail impact, (c) used the measured
response of the flatcar to determine the spectra of the dynamic loads

acting on the shelter and (d) determined the response of the shelter to
forced acceleration impulses in the frequency range of the measured data.

A number of finite element models for Army Tactical Shelters have baen
made. The first model [2] was developed for a prototype three-for-one
expandable shelter using the COSMIC*NASTRAN general purpose code. Studies
were done during the model devalopment to select a practical mesh for the
designers. Due to the poor interpolation of inplane membrane strains as
compared to those of the bending strains for the plate elements it was
necessary to determine scaling parameters of the inplane stiffness of the
shelter panel elements. The dasign of framework, methods of attaching
panels and methods of expanding the shelter were revised in later
prototypes. New finite element models were developed [3 & 4] and used as a
design tool [4] to indicate how the endwall doors could resist transverse
loading of the shelter. The model used for the analysis of transverse
loading was upgraded to become a dynamic finite element model of a
two-for-one expandable tactical shelter [5]. The upgrade included modeling
the nonstructural panels which are used wh n the sheltar is expanded. Low
frequency free body vibration modes, the response to a rotational end drop
and the response to the Belgian block (spaced bumps) road transportation
test were determined. In the rotational end drop test analysis a dynamic
load was derived to represent the shelter's interaction with the ground.
The load was used directly in the integration scheme. In the Belgian block
test analysis a method for enforcing accelerations [6] was used to drive
the finite element model's connections to the mobilizers through an
acceleration vs time profile which matched the measured response at those

points. Computations were made with this model indicating its use as a
design tool [5].

In this effort the modeling techniques used to develop the previous
tactical shelter finite element models were used again to make a model of a
nonexpandable shelter. The latest frame member drawings [7] were used to
determine the beam cross section properties. Differences over previous




models include: (a) some of the nodes defining the six walls of the shelter
have new locations since that there are no expanding walls and no cargo
doors in this model, (b) new section properties and stress recovery points
for most beam elements and (c) the internal modular collective protection
equipment.

A number of Tactical Shelters have been subjected to the rail impact
test. In most cases the tests were of the 'pass or fail" type. In 1983 a
nonexpandable tactical shelter was instrumented and subjected to a series
of rail impact tests [1]. Transient data was collected on 62 channels
which included: (a) measuring the forces in the cables, (b) test personnel
voice and time channels and (c) accelerations measured using piezoresistive
and piezoelectric accelerometers mounted to the shelter and equipment.
This test indicated that the shelter was capable of being subjected to the
rail impact test without damage but that the equipment inside the shelter
during the test may be damaged or even cause minor damage to the interior
of the shelter walls and doors. The cable load data obtained was not
useable since information on the cable setup (i.e. the tension in the
cables, etc.) was not available. The acceleration data indicated that at
the corners of the shelter, vertical accelerations near 10g's and
longitudinal accelerations near 15-20g's could be expected at the impacted
end of the shelter and similar values, but slightly higher, could be
expected at the opposite end of the shelter. All the acceleration data was
collected on the same time scale. However, the absolute direction in space
was not known so the data could not be used to determine natural mode
shapes excited. In the effort reported here a second nonexpandable shelter
with different equipment inside was tested and analyzed using the finite
element method to develop a better understanding of the rail impact test.

In this report we briefly describe the finite element model of the
rigid shelter, the natural modas of the shelter below 80 Hz, analyze the
test data received and determine the response of the shelter and equipment
to a dynamic loading environment similar to that expected during rail
impact. :

SHELTER AND EQUIPMENT FINITE ELEMENT MODEL

In the transportation mode Tactical Shelters are 8 ft x 8 ft x 20 ft
and have corner fittings allowing them to be easily handled. Figure 1
shows the rigid shelter modeled in this effort mounted on a rail flatcar.
The finite element (FE) discretization shown in Figure 2 has enough detail
to predict the loadings in the major structural elements and the total
loadings at the joints. The details of the finite element model made in
this effort are similar to those in the model reported in Ref. 4. The
equipment and interior walls shown in Figure 3 were also modeled. The
equipment and shock mounts were modeled with rigid body and scalar spring
elements. Interior walls were modeled with plate and beam elements.
Connection of the equipment and inter.or walls model to the shelter model
was made using the multipoint constraint capability in NASTRAN. Figures
4-6 show cross sections of the nonexpandable shelier. All the beams and
panels shown were included in the FE model. In addition, the detailed
floor frame model given in Ref. 4 was used to model the beams under the
floor.
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The FE model shown in Figure 2 can be used to obtain the bending

response of the beams and panels but not the inplane deformations of the fa
panels (due to the low order inplane interpolation as compared to the .
bending interpolations). To allow for a reasonable calculation of the 1,

overall deformations and load paths in the shelter the inplane stiffness of
the panel elements was scaled by a factor of 0.83 (see Ref. 2) to allow
these elements to have correct inplane stiffness.

The COSMIC*NASTRAN finite element code was used and a brief
. description of the elements used is given below:

Element Description
) CBAR Cubic two node beam element .
with two bendingz planes and v

linear axial and torsional
displacements. Used for
modeling frame members.

CELAS2 Scalar element which connects T
two variables in the analysis 3,
set. Used to model shock NN
mounts. .

CONM2 Elements for mass matrix which x
allow direct input of the mass K
and rotational inertia i
properties of a rigid body.
Used to model equipment and
shelter corner fittings.

- CQUAD1,CTRIAL Bending, transverse shear and 3
inplane membrane elements. K
Interpolations are incomplete
quintic for bending, linear
for transverse shear and
linear for membrane. Used for
modeling sandwich panels.

CRIGID1,CRIGID2 Rigid link connections of
variables in the analysis set.
Used to make rigid connections v

: . of separately generated meshes e
' such as a wall panel to a roof e
panel and for connections to &
shock mounts. &)
|
] FREE VIBRATION MODES OF SHELTER WITH EQUIPMENT INSIDE
! During the FE model development we computed the low frequency free
. vibration modes of the shelter. With the COSMICXNASTRAN finite element
code one can use the inverse power method to determine all the undamped
natural vibration modes in a specified frequency range. The method is not
efficient for determining all of the modes in a large frequency range but R
h
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is useful for determining all the modes in a narrow range. We used
COSMICXNASTRAN and successively selected frequency ranges starting with a
narrow range near zero to determine the modes listed in Table 1.

A modeling problem was surfaced by the eigenvalue extractor. At first
we were unable to obtain the rigid body modes. Having previously
determined these modas for the shelter model without the internal equipment
and walls we reviewed the constraint relationships which connect the new
sections of the structure together, the rigid body equipment models and the
shock mount models. The scalar elements modeling the shock mounts caused
the loss of rigid body modes. Scalar elements should not be connected
between nodes with different locationsg in a structural model. These
elements do not carry the geometric information necessary to retain rigid
body modes. In a linear structural analysis the scalar elements can only
be connected between overlayed nodes. We modified the shock mount models
to reflect the above requirement and obtained the structure rigid body
modes.

Plots of the mode shapes indicated that up to about 20 Hz the nonzero
modes consisted of rigid body shelter - equipment vibrations, see Table 1.
One of the modes was approximately a rotation of the gas particulate fan
unit (GPFU) about its own z - axis (the axis parallel to the global z -
axis.) The computed frequency was 46.58 HZ which includes the effects of
the shelter. Considering the shaelter as a rigid support for the GPFU and
using the data input to the finite element program we calculated, by hand,
a frequency of 46.66 Hz for this mode. This computation along with the six
zero frequencies for the rigid body modes helped facilitate model
verification.

The mode shapes corresponding to the frequencies over 30 Hz consisted
of combinations of structural deformations of the shelter mixed with
motions of the equipment. At the higher modes (over 45 Hz with one
exception) the mode shapes ware mainly structural deformations. Figures 7
through 16 show some of the mode shapes in which the walls, roof and floor
of the shelter are active for the frequency range from 34 Hz to over 70 Hz.
The mode shown in Figure 7 shows the protective entrance wall moving
transversely and upward to the left. This motion appears inconsistent with
the motion of the roof, floor and curb sidewall. However, the connection
betwaen the protective entrance wall and the more rigid panels is through a
slip jeint which contains the wall in the longitudinal direction. Small
transverse deformations of this interior wall are allowed and the mode
shape is correct. The modas shown in Figures 8 through 10 show many areas
of the structure active and indicate that the roof may be excited by .
vertical dynamic forces in the frequency range from 45 Hz to 50 Hz.
Similarly, longitudinal modes for the endwalls and doors may also be
excited in this frequency range. The mode shapes for frequencies above 60

Hz appear to consist of complex deformations «f the panels.

ANALYSIS OF TEST DATA

The rail impact tests were conducted by the Combat Systems Test
Activity (CSTA) at Aberdeen Proving Ground, MD during December 1984 on a
Chemical/Biological (CB) Non-Expandable ISO Army Shelter. In the tests
accelerometers were mounted on the shelter, Environmental Control Unit




LOWEST UNDAMPED NATURAL MODE FREQUENCIES AND COMMENTS ON

Gas Particulate Fan Unft (GPFY), and .
rigid motion of shelter ]

. 8 10.50432 - .
12.19836 “ i
10 12.55025 - '
n 16.06804 GPFU ,
12 18.51087  ECU o
13 19.82533  ECU i
14 20.81366 ECU I
15 23.74194 Interior door (mode 1) .
16 30.84827 Interior door (mode 2) o
17 31.62459 Interior door, GPFU, ECU o
18 34.14961 Roof and interior walls e
19 45,8257 Entire structure ﬁﬂﬁ
20 46.58091 GPFU '
2 48.58676 Roof and sidewalls o
22 49.13905  Entire structure R
23 49.,98732 Protective entrance wall #“
24 60.18068 - 43
25 64.04985 .
26 67.244443 A1l walls and roof wy
27 67.49761 Higher order modes of roof and walls o)
28 69.18818 Interior walls Wy
29 71.33157 Higher order modes of roof, floor and walls w
30 71.77115 - -
3 71.90845 . e
32 74.41150  GPFU kR
33 78,1387 Higher order modes of structure ",
34 79.88224 -
3 80.54820 - i
36 81.38745 - i
37 82.20754 Higher order modes of interior walls "

‘!
Table 1.
AREAS OF THE SHELTER CONTRIBUTING TO THE MODE SHAPES
(3 'b
Frequency 5&:
Mode No. Hz Comment on Mode Shape .?}
3 M
-6 0.00000  Rigid body modes B
. £3
7 8.51526 Environmental Control Unit (ECU),
N
)
i




(ECU), Gas-Particulate Filter Unit (GPFU) and on the rail car near the
cable tie~down fittings. For a detailed description of the test see
Reference 8. In this section we present acceleration data from test /8.
The sigaals have been filtered to the range 0-100 Hz but power spectral
density analyses indicated that thera is no significant contribution to the
acceleration data from harmonics with frequencies in the range 100-200 Hz.
In test {/8 the end of the rail car corresponding to the front end of the
shelter was the impact end and the speed at impact was 9 mph. There was no
pavload in the shelter.

Longitudinal acceleration profiles are shown in Figures 17-23. The
accelerations along the road side of the rail car (Figure 17) have peak
values between 40 and 50 g's. The pulse shape at the rear of the rail car -
is more complex than those at the front or center of the car. The profiles
along the road side wall (Figure 18) are smooth in shape and also have
peaks in the range 40 to 50 g's. The smooth shape suggests that the
shelter - rail car interface filters out some of the high frequency railcar
response. The floor (Figure 19) responded with low peak values (20 g's)
indicating either an error in recording or processing the data ur that the
floor is responding drastically differently than the rail car and the side
wall. The roof's maximum longitudinal acceleration was approximately 30
g's (Pigure 20) which is higher than the floor's but lower than the side
wall's accelerations. Accelerations at the bottom and top of the sidewalls
near the rear of the shelter are shown in Figures 21 and 22. It appears
that the road side wall accelerations are slightly smaller in magnitude
than the curb side wall accelerations. That is, the measured data
indicated that the response was not completely symmetric. Data at the top
of the curb side wall near the front of the shelter (Figure 23) was not
similar to the dat: near the rear of the shelter (Figure 22).

Profiles of the vertical accelerations are shown in Figures 24 - 28.
These accelerations are of much lower magnitude than the longitudinal
accelerations. The rail car data (Figure 24) contains more high frequency
content than the shelter data (Figures 25 - 28) which again indicates that
all the high frequency motion of the rail car does not transmit to the
shelter. In general, the magnitude of the accelerations are on the order
of 10 g's.

The acceleration proflle shown in Figure 29 was taken from the top of
Figure 28. The curve has the appearance of a damped harmonic response.
Since it represents the motion at a point which could measure '"drum head"
response (mode 1) of the roof we studied the data in more detail. Working
from graphs we read uniformly spaced acceleration vs time data (a,t) by
hand. The reconstructed curve is shown as 'input data" in the center graph
on Figure 29. We then fit the measured data to a damped harmonic using a
simple nonlinear least squares curve fit as follows.

" -t
) Let A(t;) =Ce ™74 Sin(wti) (1)
N

] represent the damped harmonic approximation to the data at t Then find

C,; and w such that i
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N
Pe ] fate) - A1 2 (2)
1=1
is minimiz... where

a(ti) = the measured acceleration data at ti'

To do this we used the Newton-Raphson method where the update is given by

c c 4
B I - (K palel e (3)
) © Inew { W lo1d
[ oF
aC
where (g] = %% (4)
oF
| dw
, I B I
acz aCag oCdw
2 2
a°F °F
(K] = — — (5)
oL oLiw
(syn) o%F_
3 2
I W

The result of the curve fit is shown in the center graph of Figure 29. We
found

-23.257 t

A(t) = 19.983 o $in(213.06 t) (6)

Making an analogy to a damped single degree of freedom system we have the
undamped freauency as

f e 34,1 Hz
and { = 0.108 as the damping coefficient.
This frequency corresponds to the frequency of the first structural mode
. (Figure 7). However, the mode shape for the first mode does not indicate

significant vertical motion of the roof near the front of the shelter. The
first undamped vibration mode of the shelter, which has the roof in a drum
head shape, is predicted by the finite element model to be at f = 45.8 Hz
(Figure 8). This suggests that the stiffness and/or inertial modeling is
in error in the finite element code.
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The total asignal is made up of many harmonics. To measure the
contribution of the least squares fit, eq (6), to the total signal, we
computed Fast Fourier Transforms of both the original signal and of the
original signal minus the least squares fit. We then computed the
corresponding power spectral densities. The results are shown in the
bottom of Figure 29. The power spectral density (PSD) graph indicates that
the original data can be represented with signals from the range of 20 to
40 Hz and that if the single damped harmonic of equation (6) is removed the
PSD curve is significantly flattened. Thus, point 101 on the front roof
was vibrating in the vertical direction like a damped harmonic oscillator.
This suggests that the first drum head mode of the roof occurs at a lower
frequency than the finite element model predicts. Note, the other
accelerometer at the location 104 on the roof was near to being over the
interior wall. As a result, gauge 104 was near a node of the first drum
head mode (see Figure 7) and responded differently than gauge 101.

Most of the longitudinal acceleration versus time profiles have
similar shapes (Figures 17 to 23). At the bottom of Figure 30 a typical
longitudinal acceleration profile is shown. It is desirable to determine
how the pulse shape is related to the test setup of the rail cars. To do
this we modeled the three rail cars as shown at .he top of Figure 30,

Using Reference 9 (Chapter 45 on Rail Vehicles) we estimated the stiffness
of the draft gears between the flat cars. According tc Reference 9 each
gear should be capable of absorbing 80,000 ft-1bs of energy in 4-3/4 inches
of stroke without exceeding 0.5*10**6 lbs force on the flatcar. Using
these numbers and numerous variations of the resisting frictional forces of
the two stationary cars we analyzed the nonlinear system shown (nonlinear
because of the static and kinetic friction). We were unable to predict
large accelerations (40 g's) for any values of the draft gear stiffness and
a reasonable values for the friction coefficients. We then used the
nonlinear draft gear stiffness shown in the center of Figure 30. With this
model we were able to predict the steep climb and amplitude of the pulsa.
Our prediction of tl' climb and maximum value is plotted at the origin of
the bottom graph in Figure 30. Further study of the literature on high
energy shock absorbers [10] indicated that these absorbers have a
resistance curve similar to the measured longitudinal acceleration curves.

We selected one longitudinal curve and two vertical curves for further
study. In Figure 31 the longitudinal acceleration at the midfront road
side wall (location 303 in Figure 18) is shown. A "window" of the data was
approximated as shown in the center graph. The PSD curve for the windowed
data is shown in the bottom graph. It indicates that the frequency content
of the pulse is below 40 Hz. Considering that the vibration modes
predicted by the finite element model indicate no significant longitudinal
deformations below 48.5 Hz it is likely that the shelter responds rigidly
in the longitudinal direction during rail impact. The vertical pulses
shown in Figures 32 and 33 and their PSD curves (see Figure 25 for
locations) indicate response in the frequency range of structural modes.

The above analysis of the data and the finite element model
calculations suggest the following. During rail impact the shelter will
respond rigidly in the longitudinal direction (except for the endwalls).
The roof, side walls and floor will deform out of plane as a result of
vertical excitation from the rail car. Although high frequency
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accelerations (over 100 Hz) will be part of the general motion of the
shelter the PSD curves indicate that most of the energy is passed by
harmonic components under 100 Hz,

COMPUTED RESPONSE OF SHELTER SUBJECTED TO IMPULSES

After the finite element model was completed and the PSD curves were
available for the measured accelerations [8] we computed the response of
the shelter to impulse loadings. Since most of the energy is transferred
to the shelter in the frequency range of 0 to 100 Hz we selected impulse
loadings which would have an application time equivalent to 25, 50 and 75
Hz harmonics. The shapes of the impulse loadings were triangular with
rounded tops. We computed the response of the shelter and internal
equipment for each impulse. The locations of the impulse loads and output
accelerations are shown in Figure 34. The results for the vertical
impulses are shown in Figure 35. We plotted vertical accelerations only.
It can be seen that low frequency harmonicaz in the vertical input load
spactrum (25 Hz impulse) cause slightly larger accelerations in the roof
and for the GPFU, while a lower acceleration amplitude is experiunced by
the ECU. For 50 and 75 Hz impulses the equipment experiences delayed but
lower accelerations. The roof acceleratinns are delayed with respect to,
but have similar amplitude as, the input. The results for the longitudinal
impulses are shown in Figure 36. We plotted longitudinal accelerations
only. Here the center of the roof responds the same as the top of the
corner post. The finite element model predicts a slight delay in the
response of the roof with respaect to the input at the floor. However, for
design purposes, the top and bottom of the shelter respond almost
identically in the longitudinal direction. The aquipment responds slower
(out of phase) and with reduced amplitude.

When designing equipment shock mounts for rail impact, the shelter /
equipment / shock mount system should be modeled and the system response
determined as shown in Figures 35 and 36. The finite element output will
contain approximate shock mount loads and the information needed to
estimate the maximum acceleration levels experienced by the equipment.

CONCLUDING REMARKS

A data base for rigid tactical shelters experiencing rail impact has
been developed in this effort. The data base consists of plots of measured
accelerations on the rail car and on the shelter for several tests, the
analysis of the data for test #/8 and the comparison of that test data to
the structural dynamic characteristics of the shelter predicted by the
finite element model. We found that the shalter's lowest structural
vibration modes, as predicted by the FE model, were in the range of the
frequencies in the power spectral density representation of the rail car
response. However, the longitudinal dynamic loading imposed by the rail
car is unlikely to excite many modes of the shelter. That is, the shelter
will respond almost rigidly to the longitudinal dynamic load imposed by the
rall car. The vertical excitations will excite natural modes of the
shelter which involve the roof and walls bending out of plane. The
longitudinal accelerations, being two-to-four times larger than the
vertical accelerations and dictated by the design of the draft gear on the
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A rail car, indicates that an important consideration in rail shipping of
shelters is having the knowledge of the class of rail cars on which the
shelters are shipped.
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Figure 1. Tactical Rigid Shelter blocked and tied down on a railroad

flatcar.
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